JCBFM

Journal of Cerebral Blood Flow &
Metabolism

2021, Vol. 41(3) 530-545

© The Author(s) 2020

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/0271678X20916860
journals.sagepub.com/home/jcbfm

®SAGE

Original Article

Rbfox-1 contributes to CaMKll«
expression and intracerebral
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Abstract

RNA-binding protein fox-1 homolog | (Rbfox-1), an RNA-binding protein in neurons, is thought to be associated with
many neurological diseases. To date, the mechanism on which Rbfox-| worsens secondary cell death in ICH remains
poorly understood. In this study, we aimed to explore the role of Rbfox-I in intracerebral hemorrhage (ICH)-induced
secondary brain injury (SBI) and to identify its underlying mechanisms. We found that the expression of Rbfox-I in
neurons was significantly increased after ICH, which was accompanied by increases in the binding of Rbfox-I to Ca*"/
calmodulin-dependent protein kinase Il (CaMKlle) mRNA and the protein level of CaMKllx. In addition, when exposed
to exogenous upregulation or downregulation of Rbfox-1, the protein level of CaMKIllx showed a concomitant trend in
brain tissue, which further suggested that CaMKllx is a downstream-target protein of Rbfox-1. The upregulation of both
proteins caused intracellular-Ca® " overload and neuronal degeneration, which exacerbated brain damage. Furthermore,
we found that Rbfox-1 promoted the expression of CaMKlla via blocking the binding of micro-RNA-124 to CaMKllx

mRNA. Thus, Rbfox-| is expected to be a promising therapeutic target for SBI after ICH.
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Introduction

Stroke is an important neurological disease that threat-
ens the safety of human life, and it is also a major cause
of disability and death." Intracerebral hemorrhage
(ICH) is a major type of stroke that accounts for
approximately 10-15% of all cases.”® Additionally,
ICH patients have a greater degree of health loss and
mortality compared with that of individuals suffering
from ischemic stroke. It has been reported that approx-
imately between 25% and 50% of patients die within
one month after ICH, and only 20% of patients can
recover their function within six months. Therefore,
timely, safe, and effective treatment after ICH is neces-
sary. Although much research and exploration been car-
ried out, current treatment methods are still not ideal.
Ca’"/calmodulin-dependent  protein  kinase 1II
(CaMKII) is one of the most abundant protein kinases

and is widely distributed throughout the body.*
CaMKII expressed in neurons plays a role in a
number of regulatory functions, such as the synthesis
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and release of neurotransmitters, activation of ion
channels, and plasticity of synapses.” In mammals,
CaMKII is divided into the following four subtypes:
o, B, v, and 9, and CaMKIla is almost exclusively
expressed in brain.®® A large number of studies have
shown that CaMKIla is involved in and mediates neu-
ronal death in cerebral ischemia and poisoning (fluoro-
sis), which leads to damage of the nervous system.” !>

Previous study has found that the expression of
CaMKlIla is regulated by the RNA-binding protein,
fox-1 homolog 1 (Rbfox-1)."* Rbfox-1, a member of
the Rbfox family, is conserved in human, rat, mouse,
chicken, zebrafish, and frog. Mammals express three
Rbfox paralogs: Rbfox-1, Rbfox-2 (RNA-binding pro-
tein, fox-1 homolog 2), and Rbfox-3 (RNA-binding
protein, fox-1 homolog 3).'* Rbfox-1 is expressed in
neurons, heart, and muscle; Rbfox2 is expressed in
these three tissues, as well as in stem cells, hematopoi-
etic cells, and other cells; Rbfox-3 (also known as
NeuN) is expressed only in neurons.'”> Rbfox-1 has
two types: nuclear and cytoplasmic isoforms, referred
to as Rbfox-1_N and Rbfox-1_C. Rbfox-1_N plays
major regulatory roles in pre-mRNA alternative splic-
ing, while Rbfox-1_C is mainly combined with the
cytoplasmic target mRNA to regulate its stability and
translation.'®!” However, it is not known whether
Rbfox-1 can target and regulate the expression of
CaMKlIla to cause neuronal death after ICH.

In addition to Rbfox-1, CaMKIla can also be reg-
ulated by micro-RNAs (miRNAs). MiRNAs are a class
of highly conserved small, endogenous, noncoding-
RNA molecules. As important post-regulators of sev-
eral biological processes, miRNAs exhibit an opposite
activity to that of RNA-binding proteins (RBPs) that
bind complementary-target mRNAs and repress their
expression.'® Micro-RNA-124 (miR-124) has been
reported to be abundantly expressed in neuronal
cells.'” In particular, CaMKIIoo mRNA also contains
the target sites for miR-124 binding.'®> Thus, miR-124
may compete with Rbfox-1 to regulate CaMKIla
mRNA stability and translation.

These findings suggest that targeting Rbfox-1 may
provide a new way into the suppression of the adverse
reactions of CaMKIla in neuropathological events.
However, the relationship and role of among Rbfox-
1, CaMKlIla, and miR-124 in ICH remain obscure.
Therefore, one of the purposes of the present study
was to elucidate the roles and potential mechanisms
of Rbfox-1 and CaMKIIa in ICH in rats. Moreover,
we aimed to examine the competition between Rbfox-1
and miR-124 for CaMKIla expression and ICH-
induced brain injury and to provide a new direction
for the treatment of ICH.

Materials and methods

Animals
All experiments were approved by the Ethics
Committee of the First Affiliated Hospital of

Soochow University and were conducted in strict
accordance according to the guidelines of the
National Institutes of Health on the care and use of
animals. All efforts were made to minimize animal suf-
fering and the number of animals used. ARRIVE
(Animal Research: Reporting in vivo Experiments)
guidelines were followed for reporting results of
animal experiments. Adult male Sprague-Dawley
(SD) rats (300-350g) were purchased from the
Animal Center of Chinese Academy of Sciences
(Shanghai, China). They were housed in a suitable
environment with a constant temperature of 23°C
and relative humidity of 40% and were maintained
on a 12-h light/dark cycle with unlimited access to
food and water. Additionally, we controlled for the
amount of animal use as much as possible and allevi-
ated their pain during the operation.

Establishment of the experimental ICH model in rats

An experimental ICH model in vivo was established by
injection of autologous blood.> First, SD rats were
anesthetized by intraperitoneal injection of 4% chloral
hydrate (10 ml/kg) and were then fixed in a prone posi-
tion on the stereotaxic frame (Zhenghua Biological
Equipment Co. Ltd, Anhui, China). The median
scalp was shaved and sterilized, and a median incision
was made to expose the periosteum. The periosteum
was removed with a bone stripper to expose the ante-
rior and sagittal sutures. A round hole corresponding
to the right basal ganglia (3.5 mm to the right and 0.2-
mm posterior to bregma) was drilled. Then, 100 pul of
non-heparinized autologous-arterial blood collected
from the heart was slowly injected (20 ul/min) into
the basal ganglia through a microinjector (5.5mm in
depth). After the injection was completed, the micro-
injector was slowly pulled out after maintaining it in
place for 5 min, and then the scalp was sutured.
A schematic representation of the coronal brain sec-
tions is shown in Figure 1(a).

Experimental design

This experiment was divided into three parts. In exper-
iment 1 (Figure 1(b)), 55 rats were randomly assigned
to seven groups (Stat Trek’s Random Number
Generator was used. http://stattrek.com/statistics/
random-number-generator.aspx), including 7 rats in
the Sham group and 8 rats in each of the remaining 6
experimental groups arranged by the following times
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Figure I. Intracerebral hemorrhage (ICH) model and experimental design. (a) Representative whole brains and coronal brain
sections at the scheduled times after ICH. (b) Time course of the protein level and relationship between RNA-binding protein, fox-|
homolog | (Rbfox-1), and Ca®>"/calmodulin-dependent protein kinase Il (CaMKlla) after ICH in vivo. (c) The effect of Rbfox-1 on ICH-
induced injury. (d) The protein levels of Rbfox-1 and CaMKlla after ICH in vitro and the potential mechanisms.

after surgery: 3, 6, 12, 24, 48, and 72 h. When the sched-
uled time was reached after ICH (48 rats survived and
other rats were died during the modeling of ICH, and
the survive rate is 87.3%), six rats surviving in each
group were randomly sacrificed, and their brain-tissue
samples were obtained for subsequent time-course
experiments in vivo. Additionally, the relationship
between Rbfox-1 and CaMKIla after ICH was verified
by co-immunoprecipitation (Co-IP) and RNA-
immunoprecipitation (RIP) testing. Since RIP testing
required fresh brain tissue, we used another nine rats,
including six rats in the Sham group and three rats in
the ICH group.

Based on the results of experiment 1, experiment 2
exploited the time period at 12h after ICH (Figure 1
(c)). First, 120 rats were randomly divided into the

following six groups of 20 rats each (Stat Trek’s
Random Number Generator was used. http://stattrek.
com/statistics/random-number-generator.aspx): Sham,
ICH, ICH + Vector, ICH + Over-Rbfox-1,
ICH + Control-siRNA, and ICH + siRNA- Rbfox-1.
At 12h after ICH (103 rats survived and other rats
were died during the modeling of ICH, and the survive
rate is 85.8%), six rats in each group were sacrificed,
and the brain samples were extracted for Western blot-
ting, real-time polymerase chain reaction (RT-PCR),
terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) staining, and fluoro-Jade
B (FJB) staining. The remaining 10 rats in each group
were used for ethological testing.

In experiment 3 (Figure 1(d)), primary-cultured neu-
rons and 293 T cells were used. First, enriched neurons
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were divided into the following seven groups: Control,;
and 1, 3, 6, 12, 24, and 48 h after exposure to oxyhe-
moglobin (OxyHb; 10 uM) to simulate ICH for the
time-course study in vitro. Then, to explore the roles
of Rbfox-1 in vitro, neurons were divided into the fol-
lowing six groups: Control, OxyHb, OxyHb + Vector,
OxyHb + Over-Rbfox-1, OxyHb+ Control-siRNA,
and OxyHb + siRNA-Rbfox-1. After treatments, the
cells were collected for Western blotting and flow
cytometry, and the neurons were fixed with 4% para-
formaldehyde for staining. Third, we explored the rela-
tionship between Rbfox-1 and miR-124. The 293 T cells
were divided into seven groups and were collected for
Western blotting and fluorescent staining after the cor-
responding interventions.

Primary neuron-enriched cultures

Primary rat cortical neurons were obtained and cul-
tured as described previously.”® They were isolated
from the brains of fetal rats. After removing the menin-
ges and blood vessels, the brains were digested with
0.25% trypsin for Smin in a 37°C environment and
washed three times with phosphate-buffered saline
(PBS). The digested brain tissue was filtered to take
the supernatant, which was centrifuged at 1500 r/min
for Smin. Dissociated neurons were suspended in a
Neurobasal-A medium containing 2% B27, 2-mM
L-glutamine, 50-U/mL penicillin, and 50-U/mL strep-
tomycin (all from Gibco, Carlsbad, CA, USA). Finally,
the neurons were plated onto 6- or 12-well plates
(Corning, USA) that were precoated with 0.1 mg/mL
of poly-D-lysine (Sigma, USA) and were maintained at
37°C under 5% CO» and humidified conditions. Half
of the medium was changed every two days.

Reagents

Anti-CaMKIIa antibody (ab131468), Anti-Bcl-2 anti-
body (ab59348), Anti-Bax antibody (ab32503), Anti-
Caspase-12 antibody (ab62484), Rb mAb to NeuN
(ab177487), Ms mAb to NeuN (ab104224), Anti-HA-
probe antibody (abl8181), and Anti-Argonaute-2
antibody (ab186733) were from Abcam. Anti-Rbfox-1
antibody (sc-515244), normal mouse IgG (sc-2025),
and Protein A/G (sc-2003) were obtained from Santa
Cruz Biotechnology. B-tubulin (21281), Anti-
Rabbit-IgG-HRP (7074 s), and Anti-Mouse-IgG-HRP
(7076 s) were obtained from Cell Signaling Technology.
Secondary antibodies for immunofluorescence includ-
ing Alexa Fluor-488 donkey anti-rabbit IgG antibody
(A21206), Alexa Fluor-488 donkey anti-mouse IgG
antibody (A21202), Alexa Fluor-555 donkey anti-
mouse IgG antibody (A31570), and Alexa Fluor-555

donkey anti-rabbit IgG antibody (A31572) were

obtained from Life Technologies.

Transfection of the plasmid in vivo

According to the manufacturer’s instructions for
Entranster-in  vivo DNA transfection reagent
(Engreen, China), the plasmid was prepared and trans-
ferred to the rat brain. First, 5l of plasmid or empty
vector was dissolved in 10 pl Entranster-in vivo DNA
transfection reagent. After standing at room tempera-
ture for 15min, the mixed 15ul of the solution was
injected intracerebroventricularly at 48 h before ICH.

Transfection of siRNA in vivo

The transfection of siRNA into the rat brain was per-
formed according to the manufacturer’s instructions
for Entranster-in vivo RNA transfection reagent
(Engreen, China). First, 500 pmol of siRNA or scram-
ble siRNA was dissolved in 5pul of DEPC RNase-free
water, and then 10 pl of Entranster-in vivo RNA trans-
fection reagent was added. After standing at room tem-
perature for 15 min, the mixed 15 pl of the solution was
injected intracerebroventricularly at 48 h before ICH.
The siRNA preparations came from Ribobio
(RiboBio Co., Ltd, Guangzhou, China). The most
effective siRNA was screened by in vitro Western
blot analysis and was applied to the following experi-
ments. Rbfox-1 siRNA sequences were as follows:
Rbfox-1 siRNA sequences:

1. Sense: GCTCGAAGGGATTTGGTTT
2. Sense: GCAATGCCTGGCTTTCCAT
3. Sense: GGTCTCGTTCTTTCTTCAT

Control-siRNA sequences:
Sense: 5'-GAGAGAAGCUGUGCUUGGUATAT-3
Antisense: 3’-dTdT CUCUCUUCGACACGAACCA-Y

Transfection of plasmid and siRNA in vitro

Transfection of the plasmid or siRNA into neurons
was accomplished via  Lipofectamine® 3000
Transfection Reagent (L3000-015, Invitrogen). After
48 h, the neurons were intervened with other reagents.

Western blot analysis

The brain was removed after lavage with PBS, and the
brain tissue surrounding the hematoma was selected.
The lysed brain tissue and neurons were centrifuged
(12,000 r/min, 5min, 4°C), and the supernatant was
taken. The protein concentration in the sample was
measured using the 96-well Cell Culture Cluster and
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enhanced BCA Protein Assay Kit (Beyotime, China).
The protein samples were loaded on SDS-
polyacrylamide gels and were then separated and elec-
trophoretically transferred to polyvinylidene-difluoride
membranes (IPVH00010; Millipore Corporation,
Billerica, MA, USA). The membrane was blocked
with 5% non-fat milk at room temperature. After 1h,
the membrane was incubated overnight at 4°C with
primary antibodies against Rbfox-1, CaMKIla,
caspase-12, bcl-2, and bax. Additionally, B-tubulin
was used as a loading control. After three washes
with PBST, the membrane was incubated in the appro-
priate HRP-conjugated secondary antibodies for 1.5h
at room temperature and was subsequently washed
three times with PBST. Finally, the protein bands
were visualized using an Enhanced
Chemiluminescence (ECL) Kit (Beyotime, China) and
were analyzed via the Image J Software (NIH,
Bethesda, MD, USA).

Immunofluorescent analysis

The brain tissue was fixed with 4% paraformaldehyde,
embedded in paraffin, and sectioned. After being
heated and dewaxed, the sections were incubated over-
night at 4°C with primary antibodies (diluted 1:200)
and 1h at 37°C with secondary antibodies (diluted
1:250). For cells, they could be incubated as long as
they were fixed by 4% paraformaldehyde. After wash-
ing three times with PBST, the sections were sealed
with DAPI Fluoromount-G@ (Southern Biotech)
and coverslips (24 x 24mm). Finally, sections were
observed by a fluorescent microscope (OLYMPUS
BX50/BX-FLA/DP70; Olympus Co., Japan).

Co-IP

The brain tissue was ground in lysis buffer and centri-
fuged to remove the supernatant. The protein A/G
beads were then added to the supernatant and rotated
for 1h at 4°C. Subsequently, the samples were centri-
fuged, and the supernatant was taken. Specific antibod-
ies or negative controls (e.g. normal IgG) were then
added to the supernatant and rotated overnight at
4°C. Then, the beads were added again and rotated
for 4h at 4°C. After centrifugation, the precipitate
was taken and washed three times. After mixing the
precipitate and loading buffer, the protein was further

separated and detected by SDS-PAGE and
immunoblotting.
RT-PCR

The specific protocol used has been described previous-
ly.>! In short, the protocol was divided into two steps.
In the first step, the RNA was reverse transcribed into

complementary DNA (cDNA) by the specific kits
(RRO36A, TaKaRa, Japan). In the second step, RT-
PCR was performed by using other specific kits
(RR420Q, TaKaRa, Japan). p-actin served as loading
controls.

RIP test

The test was divided into two parts. In the first part, the
target RNA was ecluted through the Magna’s RIP kit
(17-700, Merck, Germany). The second part consisted
of RT-PCR, and the specific operation steps were as
completed as described above.

TUNEL staining

TUNEL staining was used to detect dead cells in brain
tissue. The brain tissue was fixed with 4% paraformal-
dehyde, embedded in paraffin, sectioned, heated, and
dewaxed. Then, the sections were perforated with 0.1%
Triton X-100 for 8 min and washed three times with
PBST. The TUNEL-reaction mixture was configured
according to the manufacturer’s protocol (DeadEnd
Flurometric kit, Promega, WI, USA) and was added
dropwise to the sample and incubated in a 37°C dark
room for 60 min. After washing three times with PBST,
the sections were sealed with DAPI Fluoromount-G@
(Southern Biotech, USA) and coverslips (24 x 24 mm).
Finally, sections were observed by a fluorescent micro-
scope (OLYMPUS BX50/BX-FLA/DP70; Olympus
Co., Japan). To evaluate the extent of neuronal
death, six microscopic fields per sample were examined
and photographed, and the apoptotic index was
defined as the average percentage of TUNEL-positive
cells in each section. The count of positive cells was
statistically analyzed by an observer blinded to
grouping.

FJB staining

FJB staining was used to detect degenerated cells in
brain tissue. The first step was the same as that for
TUNEL staining. Then, the brain sections were incu-
bated in 80% alcohol with 20% sodium hydroxide for
5min, 70% alcohol for 2 min, distilled water for 2 min,
0.06% K permanganate for 10min, 0.0004% FIJIB-
working solution for 20min and were then dried in
an incubator (50-60°C) for 15-30 min. Next, the sec-
tions were placed in xylene for 2 min and were sealed
with neutral gum and coverslips (24 x 24 mm). Finally,
sections were observed by a fluorescent microscope
(OLYMPUS BX50/BX-FLA/DP70; Olympus Co.,
Japan). Similarly, the count was done by an observer
blinded to grouping.
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Neurobehavioral scores

At the third day after ICH, rats were examined for
behavioral impairments using a previously published
scoring system.?”> This testing was performed by an
observer who was blind to the experimental groups.

Adhesive-removal test

According to our previous report, the adhesive-removal
test (also referred to as the sticky-tape test) was used to
measure motor coordination and sensory neglect after
ICH.>-* First, the rat was placed in a transparent glass-
test box for a period of time, and then a 9-mm circular
sticker was attached to the palm of each forepaw. The
time taken to remove all stickers was recorded. Before
ICH, all rats were trained for three days to ensure that
the rat could remove the sticker. The day before the
injury, the time to remove stickers was recorded as the
baseline level. The test was then performed on days 1, 3,
7, and 14 after ICH. The recording of the data was
completed by two blind researchers.

Rotarod test

The test was mainly used to assess locomotor impair-
ments. Briefly, the rats were placed on the rotarod cyl-
inder (ZH-300B, Anhui Zhenghua Biological
Equipment Co. Ltd., Anhui, China), and the time ani-
mals remained was recorded. The speed rose at a con-
stant rate from 4 to 30r/min within 1 min. If the rat
dropped or gripped the device and spun around for two
consecutive revolutions, the experiment ended. Before
modeling, all rats were trained for three days, three
times a day. The day before the ICH, the average
time in the test was recorded as the baseline level.
The test was then performed on days 1, 3, 7, and 14
after ICH. The method of data recording was the same
as adhesive-removal test.

Fluorescence in situ hybridization (Fish) staining

This detection was performed according to the manufac-
turer’s instructions for the Fluorescent in Situ
Hybridization Kit (RiboBio, China). First, the cell
slides were fixed with 4% paraformaldehyde for 10 min
and washed three times with PBS. One milliliter of pre-
cooled PBS with 0.5% Triton X-100 was added into each
well at 4°C for Smin. After washing three times with
PBS, the cells were blocked with 200 pl of prehybridiza-
tion solution (Blocking Solution: Pre-hybridization
Buffer =1:99) at 37°C for 30 min. Next, the cells were
incubated overnight at 37°C with probe hybridization.
After washing with cleaning fluid, the cells were incubat-
ed overnight at 4°C with primary antibodies (diluted
1:200) and for 1h at 37°C with secondary antibodies

(diluted 1:250). After being sealed with DAPI, the cells
were observed by a fluorescent microscope (OLYMPUS
BX50/BX-FLA/DP70; Olympus Co., Japan) and a laser
scanning confocal microscope (ZEISS LSM 880, Carl
Zeiss AG, Germany).

Ca*" staining

According to the manufacturer’s instructions, the neu-
rons were incubated in a calcium-ion fluorescent probe
at 5uM of Fluo-3AM (Beyotime, China) at 37°C for
30 min. Then, the cell slides were washed three times
with PBS and were fixed with 4% paraformaldehyde
for 20 min. Finally, the cells were observed by a fluo-
rescent microscope (OLYMPUS BX50/BX-FLA/
DP70; Olympus Co., Japan).

Annexin V and PI staining in vitro

After the intervention, the cells were trypsinized with
0.25% trypsin (without EDTA) and washed three times
with PBS. After centrifugation (2000 r/min, 5min), the
cell pellet was taken and resuspended in 500-pl binding
buffer. Then, 5pl-Hoechst and 5-pul PI (KGA105,
KeyGEN, China) were added to the cell medium
after 15min of incubation at room temperature in the
dark. Finally, the test was performed by flow cytometry
within 1h.

Statistical analysis

GraphPad Prism 7.0 software (GraphPad, San Diego,
CA, USA) was wused for statistical analysis.
Neurobehavioral scoring is presented as the median
with the interquartile range and the Mann—Whitney
U test was used to compare scores among groups. All
other data were reported as the mean +SD. One-way
or two-way ANOVA was used to determine the differ-
ences between groups, and Tukey’s post hoc test was
used to determine the differences between two pairs in
multiple groups. The correlation between two variables
was assessed using Pearson’s correlation test. P < 0.05
was considered statistically significant.

Results

ICH increases the protein levels of Rbfox-1 and
CaMKillo while also increasing the binding of Rbfox- |
to CaMKlloe mRNA

First, the ICH models of the SD rats were successfully
established (Figure 1(a)). Then, the protein levels of
Rbfox-1 in rat brain tissues were analyzed by
Western blotting and double immunofluorescence.
The results of Western blotting indicated that, com-
pared with those of the Sham group, the protein
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levels of Rbfox-1 in brain tissue were significantly
increased after 12h of ICH (Figure 2(a), P <0.01).
Additionally, the double-immunofluorescence assay
further confirmed the ICH-induced increase in the pro-
tein levels of Rbfox-1 in neurons (Figure 2(b)). In order
to verify the relationship between Rbfox-1 and
CaMKIIa, we performed the Co-IP and RIP tests. As
shown in Figure 2(c), the amount of CaMKIIa mRNA
combined with Rbfox-1 was significantly increased
after ICH (P < 0.01). In addition, Western blot analysis
showed that the expression of CaMKIIa also increased
after ICH and reached a peak level at 12 h (Figure 2(d),
P <0.01).

Rbfox-1 influences the level of CaMKlloe mRNA and
its translation

To further verify the role of Rbfox-1 in regulating
CaMKIIa, we overexpressed and knocked down

respectively. First, the highest transfection efficiency
(siRNA 1) among all the three siRNAs was analyzed
by Western blotting and was used in the subsequent
experiments (Figure 3(a)). Then, the transfection effi-
ciency of the overexpression and knockdown of Rbfox-
1 in brain tissue was verified by Western blot analysis
(Figure 3(b), P <0.05, P<0.01). With the overexpres-
sion or knockdown of Rbfox-1, the content of
CaMKIlo mRNA also showed a concomitant trend
(Figure 3(c), P<0.05, P<0.01), and the expression
of protein CaMKIIa in brain tissue was also increased
or decreased (Figure 3(d), P <0.05, P<0.01).

Upregulation of Rbfox-1 promotes ICH-induced
behavioral and cognitive dysfunction of rats
To identify the effects of Rbfox-1 on neurological func-

tion, we performed behavioral scoring on all rats. As
shown in Figure 3(e), compared with that of the Sham

Rbfox-1 by plasmid and siRNA transfection, group, rats after ICH showed severe neurological
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Figure 2. The protein levels of Rbfox-1 and CaMKllo and the mRNA level of CaMKillo in brain tissues after ICH. (a) Western blot
analysis and quantification of the time course of the protein levels of Rbfox-1 in brain tissue around hematoma, n= 6. (b) Double-
immunofluorescence analysis was performed with Rbfox-| antibodies (green) and a neuronal marker (NeuN, red) in sections.
Additionally, nuclei were fluorescently labeled with 4’-6-diamidino-2-phenylindole (DAPI) (blue). Representative images of the Sham
and ICH (12 h) groups are shown. Arrows pointed to Rbfox-I-positive neurons. Scale bar =50 um. (c) Co-immunoprecipitation
(Co-IP) and RNA Immunoprecipitation (RIP) test analysis of the interaction between Rbfox-1 and CaMKlloo mRNA in brain tissues of
rats at |12 h after ICH, n= 3. (d) Western blot analysis and quantification of the time course of the protein levels of CaMKlla in brain
tissue around hematoma, n=6. In (a, d), mean values for the Sham group were normalized to 1.0. All data are mean =+ standard
deviations (SD). *P < 0.05, *P < 0.01 vs. Sham; #P < 0.05 vs. 6 h.
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Figure 3. The effects of overexpression and knockdown of Rbfox-| on the Rbfox-1, CaMKllao mRNA, and CaMKlla levels in brain
tissues, and neurological function of rats after ICH. (a) The most effective siRNA was screened by 293 T cells. (b) Western blot

analysis and quantification of the effects of plasmid and siRNA of Rbfox-1, n = 6. (c) The mRNA levels of CaMKlla in brain tissue after
overexpression and knockdown of Rbfox-| were analyzed by polymerase chain reaction (PCR), n= 3. (d) Western blot analysis and
quantification of the effects of overexpression and knockdown of Rbfox-| on the protein levels of CaMKlla in brain tissue, n = 6. (e)
Neurobehavioral scores. (f) Adhesive-removal test. (g) Rotarod test. In (b—d), mean values for the Sham group were normalized to
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impairment (P < 0.001), and upregulation of Rbfox-1
significantly exacerbated the degree of damage and
delayed its recovery (P <0.01). Conversely, the
decrease in Rbfox-1 significantly reduced neurological
damage (Figure 3(e), P <0.01). Aside from the behav-
ioral score, the functional improvements associated
with Rbfox-1 were also corroborated by assessments
with the adhesive-removal and rotarod tests. In
adhesive-removal test, knockdown of Rbfox-1 resulted
in significant recovery of somatosensory function fol-
lowing ICH (Figure 3(f), P <0.05). In addition, in the
rotarod test, rats that had down-regulated Rbfox-1
expression were able to remain longer on the acceler-
ating beam compared to that of vehicle rats after ICH
(Figure 3(g), P <0.05).

Upregulation of Rbfox-1 exacerbates ICH-induced
neuronal injury in brain tissues of rats

To further assess the effects of Rbfox-1 on neurons,
TUNEL and FJB staining were performed to assess
neuronal death and degeneration in the brain at 12h
after ICH. Compared with that of the Sham group, the
index of TUNEL positive neurons was significantly
increased, the phenomenon of which was reversed
after downregulating Rbfox-1 (Figure 4(a) and (b),
P <0.001, P<0.01). A significant positive correlation
existed between CaMKIla levels and percentage of
TUNEL positive neurons in brain tissues within 12h
after ICH (Figure 4(c), P <0.001). Consistently, the
number of FJB positive cells both in the cortex and
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Figure 4. The effects of overexpression and knockdown of Rbfox-| on neuronal death and degeneration in brain tissues. (a) Double
staining for terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) (green) neuronal marker (NeuN, red).
Nuclei were fluorescently labeled DAPI (blue). Arrows point to TUNEL-positive cells, Scale bar = 50 pm. The percentage of TUNEL-
positive cells is shown (b). (c) Pearson correlation coefficient between CaMKllo levels with percentage of TUNEL-positive neurons in
brain tissues within 12 h after ICH. R?=0.6214, P < 0.001, n=36. (d) Positive fluoro-Jade B (FJB) staining and arrows point to FJB-
positive cells. Scale bar =200 pm. Counts of FJB-positive cells in brain cortex and perihematoma brain are shown (g, f). In (b, e, f), data
are mean + SD, ¥¥P < 0.001 vs. Sham; *#P < 0.01 vs. ICH + Vector; ¥*P < 0.01 vs. ICH + Si-NC, n=6.

the perihematoma brain showed the same trend as the
number of TUNEL-positive cells (Figure 4(d) to (f),
P <0.001, P<0.01).

ICH increases the protein levels of Rbfox-1 and
CaMKllo in cultured neurons

To further clarify the expression of Rbfox-1 and
CaMKIIo after ICH, we established an in vitro

model using cultured neurons and OxyHb. Similar
to in vivo data, the trend of the protein levels of

Rbfox-1 and CaMKIla in cultured neurons was
increased after exposure to OxyHb. Western blot
analysis showed that the expressions of Rbfox-1
and CaMKIla were significantly increased at 6h
(Figure 5(a) and (b), P<0.01). We also confirmed
the transfection efficiency of siRNA and plasmid in
cultured neurons. Similarly, the protein levels of
CaMKIlo showed the same changes as those of
Rbfox-1 in cultured neurons after overexpression
or knockdown of Rbfox-1 (Figure 5(c) and (d),
P <0.05, P<0.01).
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$3p < 0.01 vs. OxyHb + Si-NC, n=3.

Downregulated Rbfox-1 exerts neuroprotective
effects by decreasing apoptosis and reducing Ca*"
overload in cultured neurons after OxyHb treatment

To ascertain the effects of Rbfox-1 on apoptosis, the
protein levels of cleaved caspase-12, bax, and bcl-2 in
neurons were detected by Western blot analysis (Figure
6(a) and (b)). Compared with those of the Control
group, the ratio of bax/bcl-2 and the activation of
caspase-12 were increased in neurons after OxyHb
intervention (Figure 6(b), P <0.01). Overexpression
of Rbfox-1 exacerbated these behaviors, while knock-
ing down Rbfox-1 suppressed OxyHb-induced apopto-
sis (Figure 6(b), P <0.01). Furthermore, we performed
Annexin V and PI staining in vitro to identify effects of
Rbfox-1 on neuronal apoptosis (Figure 6(c) and (d)).
Flow-cytometry analysis showed a high apoptotic ratio
(PI4-/Annexin V+ and PI—/Annexin V+ neurons)
after OxyHb treatment, relative to the Control group
(Figure 6(d), P<0.05). When we down-regulated the
levels of intracellular Rbfox-1, the apoptosis of neurons
caused by OxyHb was significantly reduced (Figure 6
(d), P <0.05). We also performed Ca®" staining to test
the intracellular Ca>" levels in neurons. As shown in
Figure 6(e), Ca®" overload was observed in neurons
exposed to OxyHb. When Rbfox-1 was inhibited, the
intracellular Ca®" level also decreased significantly.

Rbfox-1 competes with miR-124 to regulate
CaMKllo. mRNA concentration and translation

To further confirm the binding of Rbfox-1 to target
CaMKIla mRNA, we performed co-localization
using Fish and immunofluorescence staining in cul-
tured neurons. Compared with those of the control
group, the levels of Rbfox-1 and target CaMKIla
mRNA in neurons were significantly increased after
OxyHb intervention (Figure 7(a)). Then, we further
investigated the effects of Rbfox-1 and miR-124 inter-
actions on the expression of CaMKIla (Figure 7(b) and
(c)). Western blotting results showed that the expres-
sion of CaMKIIa was inhibited after simple transfec-
tion of miR-124 mimics (Figure 7(c), P < 0.05), and this
inhibition was reversed after overexpression of Rbfox-1
(Figure 7(c), P <0.05). Meanwhile, simple transfection
of a miR-124 inhibitor showed a similar effect as over-
expression of Rbfox-1 (Figure 7(c), P<0.05). After
Rbfox-1 was lowered in this case, the level of
CaMKIla also dropped (Figure 7(c), P <0.05). These
results indicated that Rbfox-1 could competitively
block the inhibition of CaMKIla expression by miR-
124. Then, we further explored the mechanism by
which Rbfox-1 and miR-124 competitively regulate
the expression of CaMKlIla. By Fish and immunoflu-
orescence double staining, the expression of
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Argonaute 2 (AGO2) was significantly increased after
miR-124 mimic treatment, while overexpression of
Rbfox-1 reversed miR-124 mimic-mediated overexpres-
sion of AGO2 (Figure 7(d)).

Discussion

As a common type of stroke, ICH often leads to dis-
ability and death of patients. An increasing amount of
attention and research has been obtained in hopes of

finding effective targets for the treatment of ICH and
ICH-induced SBI.

Recently, Rbfox-1 has been extensively studied in
various diseases, such as myotonic dystrophy and dia-
betes.>>*® In addition, abnormal expression of Rbfox-1
may cause neurological disorders, so it has been
regarded as a hotspot for neurological diseases.
Vuong et al.?’ found that the loss of Rbfox-1 in mice
led to excessive excitation of neurons and induced epi-
leptic seizures. Many studies have also found that the
Rbfox-1 gene is closely related to Alzheimer’s
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promote CaMKlloo mRNA expression, which in turn leaded to overload of Ca®"

disease (AD). Alkallas et al.”® found that the reduction
of Rbfox-1 affected proteins that encode synaptic
transmission, leading to synaptic impairment.
However, there has been no research to exam the link
between Rbfox-1 and ICH. In the present study, we
focused on the expression of Rbfox-1 in rat brain tis-
sues after ICH and investigated its possible functions
following ICH. Our study found that the expression of
Rbfox-1 increased after ICH.

As a class of RBPs, the main functions of Rbfox-1
are to regulate the stability and translation of target
mRNAs and to control the expression of downstream

and activated the apoptosis program.

proteins.'****% Rbfox-1 has a highly conserved RNA
recognition motif (RRM),*"** which binds to the (U)
GCAUG motif with high affinity and specificity.'® In
most cases, whether in AD or epilepsy, Rbfox-1 abnor-
mality is not the direct cause of disease status but is due
to the imbalance of the downstream target proteins
caused by the abnormality of Rbfox-1. For example,
a downregulation of Rbfox-1 led to a decrease in
Vampl in inhibitory neurons, resulting in increased
excitability of the neurons.?’

In addition to the above protein, CaMKIIa is one of
the downstream-target proteins of Rbfox-1,'? for which
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our present study further verified. After ICH, the com-
bination of Rbfox-1 and CaMKIla mRNA was
increased, which upregulated the stability and transla-
tion of mRNA. On the basis of ICH, we also upregu-
lated or knocked down intracellular Rbfox-1 to
observe the condition of CaMKIla. When Rbfox-1
was knocked down or upregulated, the concentration
and translation level of CaMKIloo mRNA exhibited a
concomitant trend. The above data confirmed that
CaMKIIa was the target protein of Rbfox-1 after ICH.

Previous studies have found that excessive
CaMKIla is associated with a variety of symptoms,
including aggravating hepatic ischemia—reperfusion (I/
R) damage'® and participating in the induction of apo-
ptosis in bone cells** and neurons.” We also found that
the overexpression of Rbfox-1 and CaMKIla was
closely related to neuronal death and degeneration, as
well as to neurological damage following ICH.

As the major isoform of CaMKII, CaMKIla is
highly sensitive to intracellular Ca®" levels.'"'?
Intracellular Ca?" plays a pivotal role in multiple phys-
iological processes and in responding to noxious stim-
ulation and is closely related to cell apoptosis and
necrosis.>*** In normal physiological conditions, the
concentration of Ca®" in the extracellular matrix is
much higher than the cytoplasmic-free Ca®>" concentra-
tion. In the early stage after ICH, Ca?" channel recep-
tors on the cell membrane are activated, resulting in a
massive influx of Ca®" and a calcium overload in neu-
rons.*®¥” Our results showed that the intracellular
Ca®" concentration was significantly further increased
after up-regulation of Rbfox-1, and inhibition of its
expression reversed the increase in Ca”" concentration
induced by ICH. Sustained intracellular Ca®" elevation
activates  endoplasmic-reticulum  (ER)  stress.*
Additionally, caspase-12 is significantly expressed
after up-regulation of Rbfox-1. Beyond this, Ca®"
may also cause mitochondrial dysfunction.®®
Overexpression of Rbfox-1 could alter the expression
of the bcl-2 family of proteins, resulting in a further
increase in bax expression and less expression of bcl-2
in neurons after ICH.

A previous study found that, in addition to the bind-
ing motif of Rbfox-1, there are recognition sites of
miR-124 at the 3UTR of CaMKIlo mRNA.*
Growing evidence has shown that miR-124 is involved
in the pathogenesis of various diseases, and its related
critical roles have been increasingly recognized. A pre-
vious study showed that gain of miR-124 function
resulted in reduced neuronal apoptosis and death
induced by oxygen and glucose deprivation (OGD).*’
Another study also confirmed that overexpression of
miR-124 could decrease protein deubiquitination and
participated in post-ischemic neuroplasticity and
angiogenesis.** With the miR-124 site overlapping

with the GCAUG motif, miR-124 may compete with
Rbfox-1 to regulate CaMKIloo mRNA stability and
translation after ICH. To validate this hypothesis, in
the in vitro experiments of the present study, we
applied miR-124 mimics and miR-124 inhibitors.
After administration of miR-124 mimics, the expres-
sion of CaMKIIa was reduced, while upregulation of
Rbfox-1 returned the expression of CaMKIla to
normal levels.

Studies have confirmed that miRNAs mediate post-
transcriptional gene silencing by inhibiting mRNA
translation or bringing about their cleavage and degra-
dation.*! This process occurs in the RNA-induced
silencing complex (RISC), in which AGO2 is one of
the central enzymes and plays an important role in
gene silencing in various organisms.**** Previous stud-
ies have confirmed that miR-124 inhibition resulted in
an increased mRNA expression level and decreased
AGO2 binding in hippocampal neurons.*’ Similarly,
after giving miR-124 mimics, the level of CaMKlIlo
mRNA decreased, while the expression of AGO2 was
significantly increased in 293 T cells. On the basis of the
above findings, the levels of CaMKIloo mRNA and
AGO2 were restored to normal after upregulation
Rbfox-1 in the present study. Hence, the above results
ultimately confirmed our hypothesis.

In addition to Rbfox-1 and miR-124, ROS are
known to be strongly related to CaMKII. Several evi-
dences have demonstrated that reactive oxygen species
(ROS) play critical roles in CaMKII activation-
mediated apoptosis in tumor cells, cardiomyocyte,
and vascular smooth muscle cells.*** ROS in nerve
cells are also increased after ICH, and excessive ROS
could lead to oxidative stress, destroying DNA and
protein, and ultimately leading to cell apoptosis.*’
However, the relationship between ROS and
CaMKIIo has not been verified in ICH models, and
this may be our next research direction.

In conclusion, Rbfox-1 and miR-124 may be the
therapeutic target after ICH. MiR-124 mimics have
shown the therapeutic value for central nervous
system (CNS) injury in experimental animal models.>
However, the delivery methods, time windows, and
dosage time of miRNA-based drugs need to be further
studied. We also hope to develop new strategies to pave
the way for the clinical application of Rbfox-1 and
miR-124-based therapies in ICH patients.

The current study also has some limitations. First, in
our experiment, we only used healthy adult male SD
rats to establish the ICH model, so different genders
and ages of animals should be tested in further studies.
Next, we chose 12h for the intervention point for the
following investigations via the first experiment, but
whether there were other more suitable times requires
further exploration. In addition, we only used OxyHb



Shen et al.

543

to simulate ICH in vivo, but the potential effects of
many other relevant components in blood should also
be considered.’">? Additionally, one RBP corresponds
to multiple target mRNAs, and one mRNA is also reg-
ulated by multiple RBPs and miRNAs. Therefore, we
will need to explore the regulation of Rbfox-1 and
CaMKlIla further.

Conclusions

This study demonstrated the mechanism of Rbfox-1 in
inducing neurological damage after ICH. As a class of
RBPs, the expression of Rbfox-1 and its target protein
CaMKIlo were significantly elevated, which led to
overload of Ca2+ in neurons and activated the apopto-
tic program. Additionally, these induced changes also
compromised the cognitive behavior of the animals.
Moreover, we also found that miR-124 could compete
with Rbfox-1 to inhibit CaMKIIa expression. These
findings suggest that Rbfox-1 and miR-124 may be
the promising therapeutic target for improving the
prognosis of patients with ICH.
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